Although discontinuous gas exchange cycles (DGC) are known from many insects, the effects of body size and temperature on DGC have not been widely examined. Here, these effects are investigated in five Scarabaeus dung beetle species from mesic and xeric habitats. The investigation tests two hypotheses: that previous estimates of the scaling exponents for the DGC and its characteristics are more broadly applicable to insects, and that, in response to temperature, both DGC frequency and the quantity of CO 2 emitted during the open (O) phase (Ophase emission volume) are modulated. Like previous workers, we find that scaled as mass 0.968 and that O-phase emissioṅ Vco 2 volume scaled as mass 0.833 . However, temperature-associated increases in (Q 10 's of 2.19-2.65) were modulated mostly bẏ Vco 2 increases in DGC frequency since O-phase volumes remained constant across temperature. Flutter (F)-phase and O-phase durations were closely coupled to DGC duration, although the relationship between closed (C)-phase duration and DGC duration was less pronounced. We show that ventilation phase coefficients, previously considered a measure of the proportional duration of each phase of the DGC, calculated from the slopes of these relationships are a measure of change in phase duration with change in DGC duration and not a measure of the way in which total DGC duration is apportioned among phases. We suggest that proportions be used to estimate the contribution of each of the phases to the total duration of the DGC.
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Introduction
Discontinuous gas exchange cycles (DGCs) are characteristic of a variety of insect and noninsect arthropod species, both immature and adult. They appear to be most common among species that show long periods of immobility, undergo diapause (Levy and Schneiderman 1966a, 1966b; Lighton and Fielden 1995) , or inhabit hypercapnic and/or hypoxic environments (Lighton 1996) . Although the phases of the DGC (closed [C] , flutter [F] , and open [O] ) have been reasonably well characterized in a variety of arthropod species (see Miller 1974; Kestler 1985; Lighton 1994; Wasserthal 1996) , recent reviews have concluded that the taxonomic scope of this knowledge is limited and that certain key elements of the mechanistic basis of the DGC remain poorly understood (e.g., Lighton 1996) .
DGCs have, to date, been documented in lepidopteran pupae (Punt 1950; Miller 1974) , adult cockroaches (Wilkins 1960; Kestler 1985) , adult Orthoptera (Hamilton 1964; Hadley and Quinlan 1993; Quinlan and Hadley 1993) , adult Hemiptera (Punt 1950) , adult tenebrionid and carabid beetles (Punt 1950 (Punt , 1956 Lighton 1985 Lighton , 1988b Lighton , 1991 , a variety of ant species (Lighton 1988a (Lighton , 1992 Lighton et al. 1993b; Lighton and Berrigan 1995; Lighton and Garrigan 1995) , honeybees (Lighton and Lovegrove 1990) , some ticks (Lighton et al. 1993a; Lighton and Fielden 1995) , and solifuges (Lighton and Fielden 1996) . However, the extent to which this phenomenon is consistently present within a given higher taxon (generally Order and Family levels) is not clear, except perhaps in the case of ants, in which it seems to be shown by the majority.
More significantly, the mechanistic basis of the DGC has been investigated in even fewer groups (Lighton 1996) . For example, the extent to which the DGC and the characteristics of its phases are modulated by both body size and temperature have been investigated in few taxa. Lighton (1991) showed that metabolic rate scales as M 0.979 in tenebrionid beetles, and this scaling relationship was subsequently borne out in a more extensive analysis (Lighton and Fielden 1995; see also Lighton and Wehner 1993) . However, scaling of the duration, burst volume, and rate of CO 2 release of each of the phases of the DGC has to date been examined only for tenebrionid beetles and ants (Lighton 1991; Lighton and Berrigan 1995) . Similarly, (Lighton 1988a (Lighton , 1996 , a value realistic for most insects (Cossins and Bowler 1987) . In sharp contrast, changes in metabolic rate caused by varying body temperature are associated with a modulation of DGC frequency but not O-phase CO 2 emission volumes in Cataglyphis bicolor (Lighton and Wehner 1993) . Such a pronounced dichotomy in the response of the DGC to extrinsic factors, and lack of information regarding the nature and extent of such responses in insects, stands in contrast to the extensive understanding of the modulation of vertebrate, and especially avian and mammalian, respiratory patterns (see, e.g., SchmidtNielsen 1997; and data compilations in Peters 1983) . In this study, we therefore use five species of dung beetles in the genus Scarabaeus (Coleoptera, Scarabaeidae) to test two major hypotheses concerning the modulation of the DGC in insects. First, that the allometry (or lack thereof) of the duration, burst volume, and rate of CO 2 release of each of the DGC phases determined by Lighton (1991) and Lighton and Berrigan (1995) for tenebrionid beetles and ants applies more broadly to other insect taxa. Second, that temperature-related changes in metabolic rate are associated with a modulation of both O-phase frequency and O-phase CO 2 emission volumes.
Material and Methods
The five Scarabaeus species examined in this study were each collected from a single locality (Table 1) . Beetles were kept at 25ЊC (12L : 12D) for a minimum of 5 d before respirometry. Because the species investigated here are all diurnal, ball-rolling dung beetles, respirometry was conducted at night, when these species are generally inactive (see Edwards 1988) . For each measurement, a single individual (starved for 24-48 h) was weighed (to 0.1 mg; Sartorius R 200 D digital balance) and then placed into a cuvette located within a water jacket connected to a Grant LTD20 water bath that controlled the temperature in the cuvette to within 0.2ЊC. Beetles were placed into the cuvette during midmorning ‫0001ע(‬ hours) and settled for approximately 6 h in still air at the temperature of interest in the darkened laboratory. Thereafter, measurements were made in moving air for approximately 8-10 h, during which time disturbance was minimized, although observations were occasionally made through the reddened cuvette wall. Following respirometry, beetles were weighed again. Flow-through CO 2 -based respirometry was undertaken using a Sable Systems respirometry system (Sable Systems, Henderson, Nev.). Air was passed through Drierite and Soda Lime columns to remove water vapor and CO 2 . It was then passed through an automated baselining system, the 340-mL cuvette containing the beetle, and finally through a Li-Cor CO 2 /H 2 O Analyzer Model Li 6262 at a flow rate of 150 mL min Ϫ1 (suggesting an equilibration time of ca. 4 min, which may have influenced estimates of DGC parameters; see "Discussion"). DATACAN V software was used for data capture and analysis. All measurements were corrected to standard temperature and pressure and are expressed as mL CO 2 h Ϫ1 . In four of the five Scarabaeus species, temperature-related (1, 30) changes in patterns of CO 2 and water vapor release (to be reported elsewhere) were recorded at 4ЊC intervals across a temperature range from 16Њ to 32ЊC (treatment temperatures were randomized). In Scarabaeus westwoodi and Scarabaeus rusticus, measurements were made for 10 or more different individuals at each temperature, while in the remaining species, fewer individuals were available. In consequence, there were some repeated measures in Scarabaeus gariepinus and S. rusticus, but multiple regression showed these to have little influence on the outcome of the analyses. DGC phase data were used only for those individuals where at least more than two, but generally more than four, DGCs were recorded. Means of phase volumes, durations, and rate of CO 2 release were calculated from these data for each individual, using DATACAN V. In addition, this software was also used to calculate O-phase trigger points (i.e., at which the O phase was initiated). Vco 2 Individuals subsequently constituted the units of analysis. Therefore, means and standard errors describe the amount of variation between individuals unless stated otherwise. Leastsquares regression was used to examine relationships between mass and gas exchange variables at 20ЊC across individuals of all species and between temperature and gas exchange variables within each species. Significance was set at throughout. P = 0.05 Following Lighton (1990 Lighton ( , 1991 , ventilation phase coefficients were derived from the slopes of the relationships of phase durations on DGC duration. Cossins and Bowler's (1987) formula was used for the calculation of Q 10 from the regression of log 10 on temperature. A t-test was used to compare the slopeṡ Vco 2 of the allometric relationships derived in this study with those reported previously (see Sokal and Rohlf 1995, p. 470) .
Results
All of the species examined here showed discontinuous gas exchange cycles when at rest, but these cycles were disrupted if the beetles moved. Characteristics of the DGC varied both with temperature and between species (Fig. 1) . Standard scaled allometrically with an exponent of 0.968. O-phase, Vco 2 F-phase, and C-phase CO 2 emission rates showed similar relationships with body mass (Table 2) . Relationships between mass and duration of the DGC phases were not significant. Neither were the regressions of C-and F-phase CO 2 emission volumes on mass (Table 2) . However, O-phase emission volume scaled as mass 0.833 . Although there were no significant relationships between mass and frequency of any of the DGC phases, there was a positive but marginally significant relationship between mass and overall DGC frequency (Table 2) . In contrast, a significant and strong positive relationship was found between F-phase duration and DGC duration and between O-phase duration and DGC duration, whereas the relationship between C-phase duration and DGC duration was not significant (Fig.  2) . By regression, F-phase and O-phase ventilation coefficients were therefore 66% and 22%, respectively. However, because Scarabaeus gariepinus appeared to be such a significant outlier, especially where C-phase duration was concerned, the ventilation-phase coefficients were calculated excluding this species. Thus, the ventilation-phase coefficients were DGC = . 0.385 (C phase) ϩ 0.455 (F phase) ϩ 0.165 (O phase)
When ventilation phase coefficients were calculated for each species based on temperature modulation of the DGC, considerable variation between species was found. For Scarabaeus rusticus, the ventilation phase coefficients were ; DGC = 0. , with a major difference in the (F phase) ϩ 0.240 (O phase) contribution of the C phase to total DGC duration in this latter species. Proportional durations (as a percentage) of each of the phases at each temperature are illustrated for S. rusticus for comparison with these values (Fig. 3) .
For , Q 10 's of 2.65, 2.42, 2.25, and 2.19 were found iṅ Vco 2 S. rusticus, S. gariepinus, S. westwoodi, and S. striatum, respectively (see Table 3 for means at each temperature). This temperature-related increase in metabolic rate was modulated mostly by increases in DGC frequency, with temperature either having no effect on CO 2 emission volumes of all phases (S. gariepinus) or having a significant, negative effect on C-phase CO 2 emission volume, but no effect on F-or O-phase emission volumes (Tables 4, 5; Fig. 4) . With regard to O-phase trigger points (i.e., the at which O phase is initiated), it is cleaṙ Vco 2 that there is a significant increase in trigger point with temperature in all of the species examined (Fig. 5) .
Discussion

Metabolic Rate, DGCs, and Their Allometry
This study demonstrates that, across a variety of temperatures, discontinuous gas exchange cycles are the characteristic pattern of gas exchange in resting adult dung beetles of the genus Scarabaeus. Based on an examination of ventilatory patVo 2 terns, Lighton (1985) obtained a similar result for Scarabaeus (Pachysoma) hippocrates. However, unlike P. hippocrates, and tenebrionid beetles in the 1.0-g range, which showed DGC insects of a similar size examined using flow-through respirometry at similar temperatures (Louw et al. 1986; Lighton 1991) . However, for S. gariepinus was low, given its largė Vco 2 body size. For a beetle of a mean mass of 1.13 g, such as S. gariepinus, Lighton's (1991) equation predicts a of 0.179 Vco 2 mL h Ϫ1 , whereas at both 28ЊC and 32ЊC, measured herė Vco 2 was considerably lower (0.0554 and 0.0686 mL h Ϫ1 , respectively).
Despite this interspecific variation, across all the species, scaled allometrically with an exponent indistinguishablė Vco 2 from that reported by Lighton (1991) and by Lighton and Fielden (1995;  , and , , ret = Ϫ0.480 P 1 0.1 t = Ϫ0.625 P 1 0.1 spectively; see also Lighton and Wehner 1993; Hack 1997) . Likewise, O-phase and F-phase CO 2 emission volumes showed scaling exponents statistically similar to those obtained for tenebrionid beetles by Lighton (1991;  , and t = 0.661 P 1 0.1 t = , , respectively), as did the scaling exponents for 0.555 P 1 0.1 O-and F-phase CO 2 emission rates ( , and t = 0.211 P 1 0.1 , , respectively). F-phase frequency in the dung t = 1.585 P 1 0.05 beetles did not covary with body mass, a situation unlike that reported by Lighton (1991) for tenebrionid beetles, where Fphase frequency showed a significant negative relationship with mass. This may well have been the consequence of the fact that the beetles examined here showed a conventional F phase, whereas the tenebrionid beetles exhibited a quantum-like F phase, termed an intermittent single pulse phase by Lighton (1991) . Nonetheless, as was the case in Lighton's (1991) study, no significant relationships were found between O-phase and C-phase frequencies and mass in the species examined here.
In summary, Lighton's (1996) generalizations concerning the allometry of the DGC appear to be upheld for another group of insects, thus lending weight to the validity of his generalizations. Likewise, his conclusion that similar scaling exponents for CO 2 emission volumes, and for , result in the indeVco 2 pendence of DGC frequency from body mass in insects also appears to be more widely applicable than the original, single study of tenebrionid beetles (Lighton 1991) would perhaps have suggested. In this study, although DGC frequency was margin- ally significant across all phases, the coefficient of determination of the relationship was low (12%), suggesting that if it exists at all, the relationship is weak. Thus, we have been unable to disprove the first of our major hypotheses.
Duration of the DGC and Its Phases
In tenebrionid beetles (Lighton 1991) and ants (Lighton 1990; Lighton and Wehner 1993) , C-phase duration is only loosely related to DGC duration, and this was clearly the case for the dung beetles examined here. Bearing in mind that O-phase durations may be overestimates caused by the nature of the flow-through system used, the close coupling between O-and F-phase durations and DGC duration is nonetheless similar to the situation found in most other insects (Lighton 1994) . Examination of the ventilation phase coefficients derived both from the mass scaling data and from the temperature modulation data thus suggest, for example, that O-phase duration in S. rusticus constitutes approximately 12.7% of the DGC. However, the data in Figure 3 , and the illustration of the DGC in this species in Figure 1 , suggest that this cannot be the case.
Rather, the O phase should contribute more than 30% to the DGC. Similar discrepancies are clear for the other phases and species examined here. Likewise, these problems are clear in Lighton's (1990) analysis. In his Figure 1 , closed phase constitutes approximately 0.50 of the DGC, whereas the ventilation phase coefficient analysis suggests that the value is 0.714. Thus, the concept of ventilation-phase coefficients requires reinvestigation. Lighton (1990) first developed the concept of ventilationphase coefficients and argued that these provide an indication of the way in which "the total DVC duration is apportioned ) between the closed, flutter and burst phases" (Lighton 1990, p. 80) . His reasoning was as follows: where a i and b i are the intercepts and slopes, respectively, of the linear regression equations relating phase duration to DGC duration in each of the three phases. Because the duration of the three phases must sum to DGCD, the solution to equation (2) must yield
[ ] Consequently, Lighton (1990 Lighton ( , 1991 argued that b i provides a measure of the proportional length of each phase, which assumes that
i where y is the duration of the phase in question and x is the total duration of the DGC. This is the major source of interpretational error. The slope of each regression line does not provide a measure of the proportional duration of each phase. Rather, Thus, the ventilation phase coefficients proposed by Lighton (1990 Lighton ( , 1991 Lighton ( , see also 1994 do not indicate the way in which the DGC is apportioned among the three phases. Rather, they provide a measure of the change in phase duration with a change in the total DGC duration. Thus, the partitioning of a normal DGC can be calculated more simply as DGCD = CD/DGCD ϩ FD/DGCD ϩ OD/DGCD. (7) Of course, this does not imply that ventilation-phase coefficients are not useful. Indeed, they are an important measure of the way in which the duration of the phases change as DGC duration changes and may yet provide a useful means for demonstrating how the DGC is modulated by species living under different environmental conditions (see Lighton 1990 Lighton , 1991 Lighton , 1994 Lighton and Wehner 1993; Duncan and Lighton 1997) .
Temperature Modulation of the DGC
In the beetles examined here, O-phase CO 2 emission volumes did not change as temperature changed. Rather, the increase in with temperature was modulated almost entirely bẏ Vco 2 an increase in DGC frequency (accompanied by changes in proportional duration of the phases). In consequence, we do not find support for the second major hypothesis we set out to test; that is, that temperature-related changes in arė Vco 2 modulated by changes in both DGC frequency and O-phase emission volumes.
In a similar context, Lighton and Wehner (1993) suggested that the temperature independence of O-phase CO 2 emission volumes and a reduction in O-phase duration with increasing temperature minimizes convective water loss and can be considered an adaptation to xeric conditions because this phenomenon occurs in the xeric ant Cataglyphis bicolor but not in the more mesic species, Camponotus vicinus (Lighton 1988a) . Our data do not support this interpretation. The species we examined occur in a wide variety of habitats, ranging from mesic montane environments (S. westwoodi) to highly xeric west coast deserts (S. gariepinus). Nonetheless, all of them showed both pronounced alterations in DGC frequency with changes in and -independent O-phase CO 2 emissioṅVco Vco 2 2 volumes. However, the slopes of the regressions of O-phase frequency on temperature were different among species. Therefore, modulation of the proportional contribution of the phases to the DGC may be a more likely response to differences in water availability, a subject that requires further investigation. We currently have no synthetic explanation for the differences in DGC modulation with temperature found so far among ants, tenebrionid beetles, and the dung beetles examined here; too few species have been examined to allow for this. However, we note that constant O-phase CO 2 emission volumes across a range of temperatures have now been recorded in at least half of the species examined to date (see Buck and Keister 1955; Schneiderman and Williams 1955; Lighton 1988a Lighton , 1996 for contrary examples). This implies that many insects must be capable either of altering the hypercapnic setpoint of the O phase (see Lighton 1994) or compensating for the reduced buffering capacity of the haemolymph, associated with a temperature increase, in some other way. Given that the trigger point for the F-phase/O-phase switch increased significantly with temperature in the species examined here (Fig. 5) , it appears that the former mechanism may be of greatest significance. However, without an investigation of endotracheal gas concentrations, such as those undertaken by Levy and Schneiderman (1966a, 1966b) and Kanwisher (1966) , or of haemolymph gas concentrations, the mechanistic basis of these temperature-associated changes in gas exchange cannot be resolved. Nonetheless, it does appear that in insects, two pronounced strategies are involved.
In conclusion, we have shown that Scarabaeus dung beetles have a pronounced DGC while at rest and that the allometry of both metabolic rate and the characteristics of the DGC is similar to that found for other species, thus supporting previous hypotheses concerning the scaling of the DGC. We have also shown that variation in the DGC associated with temperature changes is modulated mostly by changes in DGC frequency and not by changes in O-phase emission volumes. Finally, and importantly, we have demonstrated that allometric changes and temperature-related changes in the DGC and its characteristics are dissimilar, at least in Scarabaeus dung beetles. In so doing, we have highlighted the merits of broadening the scope of investigations of the DGC in insects.
